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We investigated if counterconditioning with dyadic (i.e., one-to-one) social interaction, a
strong inhibitor of the subsequent reacquisition of cocaine conditioned place preference
(CPP), differentially modulates the activity of the diverse brain regions oriented along
a mediolateral corridor reaching from the interhemispheric sulcus to the anterior
commissure, i.e., the nucleus of the vertical limb of the diagonal band, the medial septal
nucleus, the major island of Calleja, the intermediate part of the lateral septal nucleus,
and the medial accumbens shell and core. We also investigated the involvement of the
lateral accumbens core and the dorsal caudate putamen. The anterior cingulate 1 (Cg1)
region served as a negative control. Contrary to our expectations, we found that all regions
of the accumbens corridor showed increased expression of the early growth response
protein 1 (EGR1, Zif268) in rats 2 h after reacquisition of CPP for cocaine after a history of
cocaine CPP acquisition and extinction. Previous counterconditioning with dyadic social
interaction inhibited both the reacquisition of cocaine CPP and the activation of the
whole accumbens corridor. EGR1 activation was predominantly found in dynorphin-labeled
cells, i.e., presumably D1 receptor-expressing medium spiny neurons (D1-MSNs), with
D2-MSNs (immunolabeled with an anti-DRD2 antibody) being less affected. Cholinergic
interneurons or GABAergic interneurons positive for parvalbumin, neuropeptide Y or
calretinin were not involved in these CPP-related EGR1 changes. Glial cells did not show
any EGR1 expression either. The present findings could be of relevance for the therapy of
impaired social interaction in substance use disorders, depression, psychosis, and autism
spectrum disorders.
Keywords: cocaine, social interaction, conditioned place preference, accumbens, septum, island of Calleja,
diagonal band, D1 medium spiny neurons
INTRODUCTION
The nucleus accumbens has long been a major target for studies
on the rewarding effects of drugs of abuse or physiological rein-
forcers, whereas the brain regions medial of the medial accum-
bens shell have received less attention, although they mediate a
number of aspects of reward: As early as 1963, it was found that
electrical self-stimulation of the septal area produces intensely
pleasurable effects in humans and serves as an effective rein-
forcer (Heath, 1963). The lateral septum is activated by both the
conditioned and direct pharmacologic effects of cocaine (Brown
et al., 1992) and extensively interconnects with the medial accum-
bens shell (Zahm et al., 2013). As a last example, amphetamine
increases c-Fos expression and histone H3 phosphorylation in the
major island of Calleja (Rotllant and Armario, 2012). All these
findings suggest that previous studies using probes aimed at the
medial accumbens region and supposedly only reporting “spe-
cific accumbal” effects may in effect have tapped these regions as
well, bearing in mind that, e.g., a microdialysis probe has an inner
diameter of as much as 240µm (Zernig and Fibiger, 1998) and
may easily sample from a corridor as wide as 500µm. The present
study therefore set out to investigate the effects of cocaine—both
its noncontingent (i.e., direct pharmacologic) and contingent
(i.e., conditioned or “psychologic”) effects—and the effects of a
previous history of counterconditioning with dyadic (i.e., one-
to-one) social interaction on cocaine’s conditioned effects in all
brain regions medial of the anterior commissure, while paying
close attention to the exact spatial distribution of the signal.
These regions can be distinguished by a number of differ-
ences in histoarchitecture, neuropil staining (Paxinos et al., 2009)
and connectivity (Heimer et al., 1991, 1997; Zahm, 2008). In
particular, the medial accumbens core (AcbCm) which shares a
lot of similarities with the dorsal striatum (Heimer et al., 1997;
Ikemoto, 2007; Haber and Knutson, 2010) and themedial accum-
bens shell (AcbShm), which is considered part of the “extended
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amygdala” (Heimer et al., 1997), differentially mediate many
aspects of reward (Pontieri et al., 1995; Berlanga et al., 2003;
Acquas et al., 2007; Zavala et al., 2008). Accordingly, we had
shown that conditioned place preference (CPP) for cocaine is
mediated by the core, whereas CPP for dyadic social interaction
between sex- and weight matched early adult male Sprague–
Dawley rats is mediated by the shell (Fritz et al., 2011a). However,
our previous study suffered from the same weakness that jeop-
ardizes a number of core-vs.-shell investigations in that we had
defined “core” and “shell” only with respect to their proximity to
the anterior commissure as the imaginary center of this sphere-
like accumbal region (Paxinos and Watson, 2007; Paxinos et al.,
2009), while neglecting the fact that all striatal pathways, includ-
ing the Acb, are arranged along a (dorso)lateral to (ventro)medial
gradient (Ikemoto, 2007; Haber and Knutson, 2010). Accordingly,
in our previous study (Fritz et al., 2011a) we had lesioned a shell
portion medial of the anterior commissure (AcbShm) and a core
region around the anterior commissure, affecting both a medial
portion of the core (AcbCm) that lies immediately adjacent to
the AcbShm and a lateral core subregion (AcbCl) that is contigu-
ous with the caudate putamen (CPu) proper. To correct for that
inconsistency, we defined a mediolateral corridor stretching from
the interhemispheric sulcus to the anterior commissure and sys-
tematically divided it into 250µm bins that well correspond to
the following regions (Paxinos et al., 2009): The nucleus of the
vertical limb of the diagonal band and the medial septal nucleus
(VDB+MS), the major island of Calleja and the intermediate part
of the lateral septal nucleus (ICjM+LSI), the AcbShm, AcbCm,
and AcbCl (Brog et al., 1993; Zahm, 2008; Zahm et al., 2013)
and investigated their activation in an animal model of cocaine
relapse prevention by previous social interaction that we had
developed (Fritz et al., 2011b; Zernig et al., 2013). As the above
regions differ considerably with respect to their histoarchitecture
and connectivity, we expected to see pronounced differences in
the various regions’ response to such strikingly different rewards
as cocaine vs. social interaction, an expectation that was soundly
refuted by the findings detailed below. Therapeutically, our find-
ings could be of relevance as many drug addicts suffer from
impaired social interaction and would greatly profit from a reori-
entation of their preference away from the drug of abuse toward
social interaction (Zernig et al., 2007, 2013). Of note, impaired
social interaction is not only found in substance use disorders but
is also amajor challenge in the treatment of depression, psychosis,




Early adult male Sprague–Dawley rats (150–250 g, corresponding
to an age of 6–8 weeks) were obtained from the Research Institute
of Laboratory Animal Breeding of the Medical University Vienna
(Himberg, Austria) and were single housed at 24◦C for 1 week
before the start of the experiment. The animals received ad libi-
tum access to tap water and pellet chow, and a 12-h light/dark
cycle with lights on from 0800 to 2000 h was maintained. All
animals were treated according to high ethical and scientific stan-
dards of the European Union. The present experiments were
approved by the Austrian National Animal Experiment Ethics
Committee.
PLACE CONDITIONING PROCEDURE
Housing conditions and CPP apparatus
Conditioning was conducted in a homemade three compart-
ment apparatus (CPP box) as described before (Kummer et al.,
2011). All behavioral tests were videorecorded and analyzed
offline with hand timers for the time spent in each compartment.
Experiments were conducted during the light period of the cycle.
Masking background noise was generated by a continuously run-
ning high efficiency particulate air (HEPA) antiallergen filter box.
The CPP box was placed directly beneath a neon tube (58 W, 1m
distance).
Naïve animals, noncontingent cocaine treatment, and cocaine CPP
training
After 1 week of single housing, i.e., at an age of 7–9 weeks, one
group of animals (naïve, n = 8) was sacrificed before undergo-
ing any further treatment to investigate EGR1 expression in naïve
animals. Thus, the naïve group was 24 days younger than all
other groups on the day of perfusion. This age difference may
have affected basal intracellular signaling activity, although we
are not aware of any systemic study addressing this issue. The
three other treatment groups comprised rats that were injected
noncontingently with cocaine (NONCONT, n = 5), trained for
cocaine CPP and extinguished with saline (COCAINE, n = 6),
or trained for cocaine CPP followed by social interaction coun-
terconditioning (SOCIAL, n = 8). The detailed timeline of the
behavioral training is shown in Figure 1. First, all animals were
tested for their pretest bias on day 1 which was declared if the
rat spent one second or more in one of the two condition-
ing compartments during pretest (total test or training session
length was always 900 s). Cocaine injections were paired with
the initially nonpreferred side. On the following day, cocaine
CPP acquisition training was started by injecting COCAINE ani-
mals intraperitoneally (i.p.) with cocaine HCl corresponding to
15mg/kg pure base (a gift to Gerald Zernig from the National
Institute on Drug Abuse, NIDA) or saline (1ml/kg) in an alter-
nate day design in the morning outside of the CPP box and by
putting each animal into the respective compartment inside the
CPP box (day 2–9). In the afternoon, i.e., at least 6 h after the
CPP training in the morning, all cocaine CPP animals received
a saline injection in a context clearly different from the CPP
box, i.e., they were injected i.p. with saline and placed into a
bedding-filled bucket for 15min before being put back into the
home cage. The NONCONT group received i.p. saline injections
before being put in either compartment of the CPP box during
CPP training (i.e., were trained for saline vs. saline) and, in the
afternoon, noncontingently (i.e., not in close temporal associa-
tion with any CPP conditioning procedure) received the same
number of saline or cocaine injections in the same alternate day
design (day 2–9) as the COCAINE group. This procedure assured
that the NONCONT animals could not associate any compart-
ment of the CPP box with the interoceptive effects of cocaine,
thus controlling for (a) the pharmacologic effect of cocaine and
(b) handling and i.p. injection effects. Cocaine CPP preference
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FIGURE 1 | Experimental timeline. Experimental groups and group sizes are listed on the left. See Materials and Methods Section for more details.
was tested on day 10 in a 15-min test session in a cocaine-free
state.
Extinction of cocaine CPP or social interaction counterconditioning
After acquisition of cocaine CPP, animals in the COCAINE group
(n = 6) were extinguished with saline, whereas animals in the
SOCIAL group (n = 8) were counterconditioned with dyadic
(i.e., one-to-one) social interaction (day 11–22) in that they
received the opportunity to engage in dyadic social interaction
in the non-cocaine-associated compartment (Fritz et al., 2011b).
Effective counterconditioning was declared if the preference of
the animal shifted from the cocaine associated compartment to
the social interaction associated compartment (see Figure 3 of
Fritz et al., 2011b). One day after the CPP test, the COCAINE
animals and the NONCONT group received a saline injection
in the cocaine compartment followed by a saline injection in
the saline compartment the following day and a CPP test 1 day
later (test 1–test 4). The animals of the SOCIAL group were
also injected with saline in the compartment previously paired
with cocaine on day 1 of the 3-day cycle and received an i.p.
saline injection before being put into previously saline-paired
compartment on day 2 but were subjected to a 15-min social
interaction with a sex- and weight-matched conspecific in this
compartment. On day 3, they were tested for CPP in a cocaine-
and interaction-free state. This 3-day cycle of training-training-
test was repeated three more times for all groups (day 11–22).
The 3-day cycle had originally been used by us to investigate the
time course of the extinction and social interaction countercon-
ditioning (Fritz et al., 2011b). In the present study, we stuck to
this schedule to render the present findings comparable to our
previous ones.
Reacquisition of cocaine CPP
On day 23, an additional cocaine conditioning trial took place
during which COCAINE or SOCIAL animals were injected with
cocaine before being put into the previously cocaine-paired
compartment of the CPP box in the morning. These animals
received a saline injection in the afternoon before being placed
in a bucket (to keep the total number of injections the same
as for the NONCONT group). In contrast, NONCONT ani-
mals were saline-injected in the initially (i.e., pretest-determined)
non-preferred compartment in the morning, followed by a
cocaine injection and a bucket placement in the afternoon.
24 h later, i.e., in a cocaine-free state, all animals were tested
for the reacquisition of cocaine CPP (day 24, REACQU test).
Two hours after the start of the 15-min cocaine CPP reacquisi-
tion test, i.e., at the expected peak of EGR1 protein expression
(Zangenehpour and Chaudhuri, 2002), animals were deeply anes-
thetized with isoflurane and their brains were processed for
immunohistochemistry.
DEFINITION OF COUNTING AREAS
To precisely define the borders of the regions in the accumbens
corridor at different anteroposterior (AP) positions with respect
to bregma we used the chemoarchitectonic atlas of Paxinos et al.
(2009) in which the core and shell subregion of the accumbens are
visualized by their differential calbindin staining. Abbreviations
follow these authors’ convention (Paxinos and Watson, 2007)
except for the “m” (for “medial”) and “l” (for “lateral”) exten-
sions that we added to their terms “AcbSh” or “AcbC” to designate
the location of these Acb subregions relative to the anterior com-
missure. Because we used slices only from the AP positions +2.2
to +1.0mm relative to bregma (Meredith et al., 1989), we mea-
sured the width (i.e., mediolateral extension) of the AcbCm and
the AcbShm at the height of the anterior commissure at three
different AP positions, i.e., at +1.928, +1.616, and +1.304mm,
obtaining a mean width of 250µm for each of these Acb sub-
regions. Accordingly, we divided the whole accumbens corridor
into 250µm bins and were able to distinguish the following
regions (from medial to lateral): VDB+MS, ICjM+LSI, AcbShm,
and AcbCm (Prast et al., 2012). Figure 6A shows a schematic
graph of the accumbens corridor and its defined borders. A
250µm strip immediately lateral of the anterior commissure
represented the AcbCl. The dorsal CPu was also analyzed, the
dorsal edge of the counting rectangle forming a segment with
the dorsalmost curvature of the corpus callosum. The anterior
cingulate region Cg1 (Paxinos andWatson, 2007) served as a neg-
ative control, as we had previously shown (Fritz et al., 2011b)
that a history of social interaction counterconditioning does not
affect the cocaine CPP reacquisition-associated activation in this
region.
IMMUNOHISTOCHEMISTRY
Animals were intracardially perfused with 0.1 mol/l phosphate
buffered saline (PBS) followed by 4% (w/v) paraformaldehyde
(PFA) dissolved in PBS (pH 7.4). Brains were removed and
postfixed in 4% PFA overnight, cryoprotected in PBS contain-
ing 10% sucrose (w/v) for 1 day and in 30% sucrose PBS at
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8◦C until the brains sank, shock-frozen in isopentane (at a tem-
perature between −35◦C and −39◦C) and stored at −80◦C
until sectioning. All serial brain sections (25µm) were cut
using a Cryostat (Leica). Sections were stored in PBS contain-
ing 0.1% sodium azide at 8◦C until immunolabeling. A total of
three slices per rat for each marker were randomly chosen and
slices were free-floated for 48 h at 8◦C in 50mM Tris-buffered
saline (TBS; pH 7.4) containing 0.1% Triton-X-100 (TBS-T)
and 2% BSA with the primary antibody against EGR1 (1:1000,
Santa Cruz Biotechnology, sc-189) and a second primary anti-
body against dynorphin (goat polyclonal anti-DYN; 1:50, Santa
Cruz Biotechnology, sc-46313) to label D1-MSNs (but see the
Discussion Section), or against the dopamine D2 receptor (mouse
polyclonal anti-DRD2, 1:50, Santa Cruz Biotechnology, sc-5303)
to label D2-MSNs. The marker used for cholinergic interneu-
rons was choline acetyltransferase (goat polyclonal anti-ChAT,
1:166, Millipore, AB144p). The different GABAergic interneu-
ron types were identified by their immunoreactivity for par-
valbumin (goat polyclonal anti-PV, 1:1000, Swant, PVG-214),
calretinin (goat polyclonal anti-CR, 1:1000, Swant, CG1) or neu-
ropeptide Y (goat polyclonal anti-NPY, 1:500, Novus, NBP1-
46535). Sections were washed three times for 5min each in
TBS-T and were incubated at 90–100◦C in a 10mM citrate
buffer, pH 6.0, for 7min for antigen retrieval. After a TBS-T
wash, slices were incubated for 30min in TBS containing 50mM
glycine, followed by another wash in TBS-T (3 × 5min) and a
1 h incubation in TBS-T containing 2% BSA and 10% normal
donkey serum (Millipore, S30) or 7% normal donkey and 3%
normal goat serum (Vector Labs, S-1000) depending on the pri-
mary antibodies used. For the investigation of the involvement
of neuronal vs. glial cells in the observed behavioral changes,
we performed double immunohistochemistry for EGR1 and a
mouse polyclonal antibody against the neuron-specific nuclear
protein NeuN (Mullen et al., 1992, anti-NeuN, 1:200, Millipore,
MAB377) or one of the following glial markers: Mouse poly-
clonal anti glial fibrillary acidic protein (anti-GFAP; 1:200, Santa
Cruz Biotechnology, sc-33673) to identify astrocytes (Wang et al.,
2013), mouse polyclonal myelin basic protein (anti-MBP; 1:200,
Santa Cruz Biotechnology, sc-71546) for oligodendrocytes (Najm
et al., 2013), or simple tomato lectin staining (6µg/µl, 24 h incu-
bation, Vector laboratories, DL-1177) for microglia (Villacampa
et al., 2013). Sections were washed in 50mM TBS-T for 1 h
and incubated for 2 h in 50mM TBS-T containing 2% BSA,
the anti-rabbit Alexa Fluor 488-conjugated secondary antibody
(1:400, Invitrogen, A21441) and the anti-donkey Alexa Fluor
555-conjugated secondary antibody (1:400, Invitrogen, A21432)
for DYN, PV, CR and NPY staining or anti-mouse Alexa Fluor
555-conjugated secondary antibody (1:400, Invitrogen, A31570)
for DRD2, NeuN, GFAP and MBP staining. After an addi-
tional wash in 50mM TBS for 1 h, sections were mounted onto
gelatine-coated slides and coverslipped using Vectashield (Vector
Laboratories, H-1000).
IMAGE ANALYSIS
For each immunohistochemical marker, we took representative
images with a laser scanning confocal microscope (Zeiss LSM
510 Meta) at a magnification of 100×. For the quantitative
analysis, we used another fluorescence microscope interfaced to
a computer (Zeiss Axioplan 2 Imaging). Pictures were made
at a magnification of 20× in the areas of interest. Double
immunohistochemistry images were processed using Fiji soft-
ware (fiji.sc/Fiji). The researcher who did the counting was blind
to the different treatments and the counting of the positive
nuclei in the unprocessed (i.e., raw) images was conducted offline
using the Fiji cell counter plugin. Immunoreactivity is given as
immunopositive cells per mm2. Sections co-labeled for cholin-
ergic interneurons or GABAergic interneurons, or different glia
markers were not quantified, as no colocalization of EGR1 with
any of these markers was observed. To investigate colocalization
of the glial markers GFAP and MBP a z-stack was taken with the
confocal microscope.
DATA ANALYSIS
All results are presented as the group mean ± standard error
of the mean (SEM) of n individual animals (naïve, n = 8;
NONCONT, n = 5; COCAINE, n = 6; and SOCIAL, n = 8).
For each individual animal, the counts for all three slices
per immunohistochemical double staining were averaged before
being further processed as one value per animal. The total EGR1
signal for MSNs was obtained by pooling data from the three
DYN+EGR1 slices and the three DRD2+EGR1 slices per animal.
Times in the three compartments of the CPP apparatus or differ-
ences in EGR1 protein expression per mm2 were analyzed using
a One-Way ANOVA with Tukey post-hoc comparison. Activation
of D1- and D2-MSNs (expressed as EGR1 ir nuclei as percent of
neuron type) in the COCAINE and SOCIAL group was compared
using an unpaired one-tailed t-test. Correlations are expressed as
Spearman’s rank correlation coefficients (one-tailed p-values). All
statistical tests were performed using GraphPad Prism 4 (www.
graphpad.com).
RESULTS
SOCIAL INTERACTION COUNTERCONDITIONING INHIBITS
REACQUISITION OF COCAINE CPP
Rats of both the COCAINE and SOCIAL group developed a
cocaine CPP for the cocaine associated compartment (Figure 2,
top row, CPP). This is in line with previous results of our labora-
tory (Fritz et al., 2011b). The preference for the cocaine associated
compartment was decreased (i.e., partially extinguished) in the
COCAINE group over four extinction cycles (middle row, test 4,
COCAINE). If social interaction counterconditioning in the pre-
vious saline associated compartment was available during cocaine
CPP extinction in the SOCIAL group, the preference shifted
from the cocaine associated compartment to the social interac-
tion associated one, i.e., social interaction counterconditioning
was observed (test 4, SOCIAL). If cocaine CPP extinction was
followed by only one pairing session of cocaine in the cocaine
compartment, the preference for the cocaine associated compart-
ment was reacquired (REACQU, COCAINE). In contrast, the
rats shown in the SOCIAL group did not reacquire a prefer-
ence for the cocaine associated compartment (REAQU, SOCIAL),
instead persisting in their preference for the social interaction
associated compartment as demonstrated previously (Fritz et al.,
2011b).
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FIGURE 2 | Social interaction during extinction prevents reacquisition
of cocaine CPP. Shown are times spent in the different compartments of
the CPP box, i.e., the cocaine- (coc), neutral (neu), or saline- (sal) associated
compartment, or the saline compartment where social interaction
counterconditioning took place (int). Time in the compartment is presented
in seconds as the group mean ± s.e.m. Total session duration was 900 s.
Significant differences between the time spent in the coc compartment and
the time spent in the sal or int compartment are shown as an asterisk:
∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 (One-Way ANOVA). Data are shown for
the Sprague–Dawley rats of the COCAINE and SOCIAL groups for the initial
cocaine CPP test (CPP, top row), for the test at the end of the fourth
extinction/counterconditioning cycle (test 4, middle row), i.e., at the end of
either a cocaine CPP extinction treatment with saline (COCAINE group) or a
social interaction counterconditioning procedure (SOCIAL group), and
during the final cocaine CPP reacquisition test (performed 24h after a final
cocaine reexposure, i.e., in a cocaine-free state).
COCAINE CPP REACQUISITION-INDUCED EGR1 EXPRESSION IS
RESTRICTED TO D1- AND D2-MEDIUM SPINY NEURONS
Reacquisition of cocaine CPP induced an increase in EGR1
expression that remained restricted to cells immunopositive for
dynorphin, presumably representing dopamine D1 receptor-
expressing medium spiny neurons (D1-MSNs), and to cells
immunopositive for the dopamine D2 receptor gene DRD2
product, i.e., D2-MSNs (Figure 3). No colocalization could be
observed for EGR1 with markers for cholinergic interneurons
(choline acetyltransferase) or GABAergic interneurons (CR, PV,
NPY; Figure 3) in any of the treatment groups, suggesting that
these neuron types are not involved in mediating cocaine CPP
induced EGR1 expression or its inhibition by social interac-
tion. We also investigated the involvement of glial cells in the
observed EGR1 activation: No colocalization could be observed
for EGR1 with markers for glial cells (GFAP, MBP or tomato
lectin) in any of the treatment groups (Figure 4), suggesting that
glial cells are not involved in mediating the observed behavioral
changes. In contrast, every nucleus that was immunoreactive for
FIGURE 3 | Colocalization of neuronal markers with EGR1 expression
2h after cocaine CPP reacquisition. Brains were harvested and fixed for
double fluorescence immunohistochemistry 2 h after the start of a 15-min
cocaine CPP reacquisition test session. EGR1 immunoreactivity (green)
remained restricted to nuclei. All other neuronal markers are shown in red.
Colocalization of immunoreactivity was found only in medium spiny
neurons (MSNs) positive for dynorphin (A) or the dopamine D2 receptor
(D). No colocalization with EGR1 was observed in cholinergic interneurons
(marker: choline acetyltransferase; (B) or GABAergic interneurons positive
for calretinin (C), neuropeptide Y (E), or parvalbumin (F). Images were
taken with a confocal laser scanning microscope with a magnification of
100× (bar size, 10µm).
EGR1 also showed colocalization with the neuronal marker NeuN
(Figure 4A). Cocaine CPP reacquisition-induced EGR1 expres-
sion in the COCAINE group (Figure 5, left panel) and SOCIAL
group (Figure 5, right panel) occurred in both D1-MSNs and
D2-MSNs in the accumbens corridor.
COCAINE CPP REACQUISITION-INDUCED EGR1 EXPRESSION IN THE
WHOLE ACCUMBENS CORRIDOR IS INHIBITED BY PREVIOUS SOCIAL
INTERACTION COUNTERCONDITIONING
Two hours after the cocaine CPP reacquisition test, EGR1 expres-
sion was significantly increased in COCAINE animals compared
to NONCONT animals in the whole accumbens corridor and the
CPu, but not in the AcbCl or the Cg1 (Figure 6B). Statistical
data for the various comparisons are shown in Table 1. Social
interaction inhibited the cocaine CPP induced EGR1 activation
in the whole accumbens corridor, whereas brain regions lateral
of the anterior commissure (AcbCl and CPu) showed less activa-
tion in COCAINE animals and no significant inhibition by social
interaction (Figure 6B). The designated negative control region,
i.e., Cg1, showed no change by either COCAINE or SOCIAL
(Figure 6B).
THE COCAINE CPP REACQUISITION-INDUCED EGR1 ACTIVATION AND
ITS INHIBITION BY SOCIAL INTERACTION IS MEDIATED BY D1-MSNs
AND D2-MSNs
The number of EGR1- and DYN-positive neurons (D1-
MSNs) per mm2 was increased in animals with a previous
cocaine history (COCAINE) compared to NONCONT ani-
mals in the whole accumbens corridor: VDB+MS (p < 0.01),
ICjM+LSI (p < 0.05), AcbShm (p < 0.05), AcbCm (p < 0.01;
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FIGURE 4 | Colocalization of EGR1 with the neuronal marker NeuN but
not with glial markers. EGR1 immunoreactivity is shown in green, all
other markers are shown in red. Colocalization of immunoreactivity was
found only in cells positive for the neuronal nuclear protein NeuN (A). No
colocalization with EGR1 was observed in glial cells. The employed glial
markers were glial fibrillary acidic protein for astrocytes (B), myelin basic
protein for oligodendrocytes (C), and tomato lectin for microglia (D).
Images were taken with a laser scanning confocal microscope with a
magnification of 100× (bar size, 10µm).
Figure 6C). Previous social interaction reversed the cocaine CPP
reacquisition-induced EGR1 activation in D1-MSNs in nearly
all areas of the accumbens corridor, i.e., VDB+MS (p < 0.01),
AcbShm (p < 0.05), AcbCm (p < 0.001) but not in lateral
regions, i.e., AcbCl and the CPu. Region Cg1 also did not show
any significant difference in the activation of D1-MSNs. The
number of EGR1 positive D2-MSNs per mm2 in COCAINE ani-
mals was significantly different from the NONCONT group in
the VDB+MS (p < 0.05) and the ICjM+LSI (p < 0.01). Previous
social interaction (SOCIAL) decreased the number of EGR1 pos-
itive D2-MSNs only in the ICjM+LSI (p < 0.05) as shown in
Figure 6D.
D1-MSNs ARE PREFERENTIALLY AFFECTED BY THE COCAINE CPP
REACQUISITION-INDUCED EGR1 ACTIVATION AND ITS INHIBITION BY
PREVIOUS SOCIAL INTERACTION IN THE WHOLE ACCUMBENS
CORRIDOR
Throughout the accumbens corridor, dynorphin-
immunoreactive cells, i.e., presumably D1 receptor expressing
MSNs were activated (i.e., showed EGR1 expression) at a higher
percentage than D2-MSNs (labeled with DRD2) by the cocaine
associated contextual cues during the CPP reacquisition test
(Figure 7A). In animals previously exposed to social interac-
tion, cocaine CPP reacquisition induced EGR1 expression was
generally lower (Figure 7B) than in saline-extinguished animals
(Figure 7A) across both neuron types (D1- and D2-MSNs).
EGR1 EXPRESSION CORRELATES WITH THE TIME IN THE COCAINE
COMPARTMENT IN THE WHOLE ACCUMBENS CORRIDOR
We investigated if there was a correlation between the ani-
mals’ preference for the cocaine-associated contextual cues
(as quantified in the CPP paradigm) and neuronal activa-
tion in the accumbens corridor regions (as determined by
EGR1 activation). As we wanted to test if this is a general
phenomenon (i.e., independent of variations in conditioning),
we pooled the data from the two conditioning groups, fol-
lowing field precedence (Golden et al., 2013). The respective
correlational statistics for the individual treatment groups
are given at the end of this paragraph. For the pooled con-
ditioning groups, the number of EGR1 positive nuclei per
mm2 was indeed significantly correlated (Figure 8) with the
time spent in the cocaine compartment for data pooled from
both the COCAINE and SOCIAL group: VDB+MS (r = 0.86,
p < 0.0001), ICjM+LSI (r = 0.89, p < 0.0001), AcbShm
(r = 0.87, p < 0.0001), AcbCm (r = 0.9, p < 0.0001), but
not in the AcbCl (r = 0.33, p = 0.12), the CPu (r = 0.41,
p = 0.07), or the Cg1 (r = −0.16, p = 0.29). There was no
statistically significant correlation between EGR1 expression
and time spent in the cocaine compartment for animals
injected NONCONT in the ICjM+LSI (r = −0.3, p = 0.34),
AcbShm (r = −0.5, p = 0.23), AcbCm (r = 0.1, p = 0.48),
AcbCl (r = −0.7, p = 0.12), CPu (r = −0.6, p = 0.18), and
Cg1 (r = 0.5, p = 0.23); but see the VDB+MS (r = −0.9,
p = 0.04). The Spearman’s rank correlation coefficients and
p-values for the individual treatment groups were, for the
COCAINE group and the various brain regions: VDB+MS,
r = 0.6, p = 0.12; ICjM+LSI, r = 0.6, p = 0.12; AcbShm,
r = 0.66, p = 0.088; AcbCm, r = 0.89, p = 0.017; AcbCl,
r = 0.54, p = 0.15; for CPu, r = −0.14, p = 0.4; and for
Cg1, r = −0.3, p = 0.28. SOCIAL group: VDB+MS, r = 0.67,
p = 0.04; ICjM+LSI, r = 0.69, p = 0.035; AcbShm, r = 0.45,
p = 0.13; AcbCm, r = 0.52, p = 0.099; AcbCl, r = −0.24,
p = 0.29; CPu, r = 0.31, p = 0.23; and for Cg1, r = −0.07,
p = 0.44. NONCONT COC group: VDB+MS, r = −0.9,
p = 0.042; ICjM+LSI, r = −0.3, p = 0.34; for AcbShm,
r = −0.5, p = 0.23; for AcbCm, r = 0.1, p = 0.48; AcbCl,
r = −0.7, p = 0.12; CPu, r = −0.6, p = 0.18; and Cg1, r = 0.5,
p = 0.23.
DISCUSSION
The present study yielded two major findings: (1) The degree
of reacquisition of cocaine CPP in our animal model of cocaine
relapse is proportional to the activation of medium spiny neu-
rons, predominantly D1-MSNs, in all regions of a corridor
extending mediolaterally from the interhemispheric border to
the anterior commissure. (2) This neuronal activation is greatly
inhibited by a previous history of counterconditioning with social
interaction.
Our experimental paradigm (Zernig et al., 2013) quantifies
the renewed intensification of the incentive salience of cocaine-
associated contextual stimuli (Zernig et al., 2007). Because an
increase in the incentive salience of drug-associated stimuli very
likely leads to a relapse in humans (Epstein et al., 2009), our
animal model has translational power with respect to cocaine
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FIGURE 5 | Activation of the accumbens corridor by cocaine CPP
and its inhibition by previous social interaction counterconditioning.
Shown are the merged images of EGR1- and DYN-labeled neurons,
presumably D1-MSNs, or EGR1- and DRD2-labeled neurons in animals
that were conditioned for cocaine and extinguished with saline
(COCAINE, left panel) or animals that were conditioned for cocaine
followed by social interaction counterconditioning (SOCIAL, right panel).
Bar size, 50µm.
FIGURE 6 | Social interaction reverses cocaine CPP
reacquisition-induced EGR1 expression in the whole accumbens
corridor. Panel (A) shows a diagram taken from the brain atlas of Paxinos and
Watson (2007) on the left side. The numbers refer to the following regions: 1,
accumbens corridor; 2, AcbCl; 3, CPu; and 4, Cg1. On the right side of (A),
the individual 250µm counting bins of the different accumbens corridor
regions are overlaid on a calbindin staining at an AP location of ±0.992mm
from Bregma (modified from Paxinos et al., 2009). Abbreviations (see
Materials and Methods) follow the nomenclature of the atlas of Paxinos and
Watson (2007). Panels (B–D) show group mean ± s.e.m. of EGR1-positive
nuclei per mm2 (B) or the number of EGR1-positive D1-MSNs (DYN-positive,
C) or EGR1-positive D2-MSNs (DRD2-positive, D) in the respective brain
areas. For reasons of clarity, significant differences between treatment group
are only given for the comparison of NONCONT vs. COCAINE (#p < 0.05;
##p < 0.01; ###p < 0.001) and COCAINE vs. SOCIAL (∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001). For the complete statistical analysis, see Table 1.
relapse in humans and opens the way for the neurobiological
investigation of the beneficial effects of dyadic (i.e., one-to-one)
social interaction between sex- and weight-matched conspecifics
on subsequent cocaine craving and consumption.
With respect to age, the male Sprague–Dawley rats in our
paradigm (6–8 weeks upon arrival) can be considered “early
adult” (Spear, 2000; Zernig et al., 2013). We had originally cho-
sen this age based on the simplistic notion of one of us (Gerald
Zernig) that at a younger age, individuals of any species will
find the interaction with a conspecific more rewarding than older
individuals do, thus increasing the likelihood of developing CPP
for dyadic social interaction in our paradigm (Zernig et al., 2013).
Addressing this notion, Bardo and coworkers (Yates et al., 2013)
systematically investigated the effect of age in our concurrent
CPP paradigm, pitching d-amphetamine (1mg/kg s.c.) vs. dyadic
social interaction and found that “young” male Sprague–Dawley
rats (3 weeks upon arrival) developed a preference for social inter-
action, whereas “adult” rats (8.5 weeks upon arrival) preferred
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Table 1 | Cocaine CPP-induced EGR1 expression is reversed by social interaction in the whole accumbens corridor and more in D1-MSNs than
D2-MSNs: Statistical evidence.
Accumbens corridor























































































































































EGR1 expression was compared by One-Way ANOVA and Tukey post-hoc test between the following treatment groups: COCAINE (n = 6), naïve (n = 8), NONCONT
(n = 5), and SOCIAL (n = 8) in the following brain regions: the accumbens corridor (VDB+MS, ICjM+LSI, AcbShm, and AcbCm), the AcbCl, CPu, and Cg1. For a
definition of the abbreviations see Materials and Methods.
FIGURE 7 | Cocaine CPP-induced EGR1 expression is reversed by social
interaction preferentially in D1-MSNs. Shown are means ± s.e.m.’s of
EGR1-immunoreactive nuclei expressed as percent of dynorphin-labeled
cells, presumably D1-MSNs (open bars) vs. D2-MSNs labeled with the
dopamine D2 receptor (grid-pattern bars) for the accumbens corridor regions,
the AcbCl, and the CPu. Panel (A) (red bars) shows the percent of activated
D1-MSNs and D2-MSNs for the COCAINE group, whereas panel (B) (green)
those for the SOCIAL group. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
the drug over social interaction in this paradigm. To summarize
these findings, dyadic social interaction seemsmore rewarding for
adolescent and early adult rats than for older ones. Accordingly,
gross visual inspection of our animals showed that the early adult
rats frequently engaged in play behavior (Trezza et al., 2010) and
other “friendly” (“agonistic”) interaction (data not shown).
It may be argued that social interaction itself is not the fac-
tor that alters gene expression/preference or just simply the fact
that something besides the rat itself is present in the non-cocaine-
associated compartment. However, when carefully separating the
composite stimulus “social interaction” into its sensory compo-
nents, we found that rat odor emitting bedding (olfaction) alone
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FIGURE 8 | EGR1 expression in the whole accumbens corridor 2h after
cocaine CPP reacquisition correlates with time spent in the cocaine
compartment. The correlation of EGR1 expression per mm2 vs. the time
spent in the cocaine compartment during the cocaine CPP reacquisition test
is given for animals that had undergone cocaine conditioning and extinction
with saline (COCAINE, red triangles, filled) and for animals that were
counterconditioned with social interaction after an initial cocaine conditioning
(SOCIAL, green circles, filled) and is shown as a continuous line. There was
no statistically significant correlation (shown as a dashed line) between the
EGR1 expression per mm2 and the time spent in the cocaine compartment
for animals injected noncontingently with cocaine (NONCONT; red triangles,
unfilled).
or sensing another rat through a see-through screen via the vibra-
tion of the other moving rat, its smell, its sight and its sound
proved much less rewarding than having direct tactile contact and
the possibility to interact with the other rat through prison-type
bars (Kummer et al., 2011). Accordingly, if the social interaction
space was decreased by half, i.e., if crowding was induced experi-
mentally, the social interaction reward was considerably reduced
(Kummer et al., 2011). All these findings suggest that is it the
social interaction—and not the sensory stimulation associated
with it—that causes CPP in our paradigm.
Our choice of EGR1 as a brain activation marker was based
on the seminal paper by Everitt and coworkers (Lee et al.,
2005) who showed that EGR1 antisense oligodeoxynucleotides
abolished the acquired conditioned reinforcing properties of a
cocaine-associated stimulus (Zernig et al., 2013).
With respect to the immunohistochemical marker used to
label D1-MSNs, i.e., dynorphin, it must be noted that dynor-
phin is a reliable marker for D1-MSNs in the dorsal striatum and
the ventral striatum (Curran and Watson, 1995; Fricks-Gleason
and Marshall, 2011). Additionally it is clearly shown that D1 and
D2 class receptors in the dorsal and ventral striatum are princi-
pally expressed in separate neuron populations (Le Moine et al.,
1990; Le Moine and Bloch, 1991, 1995, 1996; Curran andWatson,
1995; Steiner and Gerfen, 1998). However, in the regions more
medial of the AcbSh not much data have been generated to prove
the coexpression of dopamine D1 receptor and dynorphin. Thus,
the question of reliability of using dynorphin as a marker for D1
receptor expressing neurons in these specific medial regions has
to be addressed in our future studies.
The homogeneity of the cocaine CPP reacquisition-induced
EGR1 response of such diverse structures as the nucleus of the
vertical limb of the diagonal band, the medial septal nucleus, the
major island of Calleja, the intermediate part of the lateral sep-
tal nucleus, and the medial accumbal shell and core is striking.
Nonspecifity of the observed differential activation pattern during
reacquisition of cocaine CPP in saline-extinguished vs. social
interaction-counterconditioned animals and nonspecifity of the
proportionality between cocaine CPP preference and EGR1 acti-
vation can be excluded as the negative control region, i.e., the
anterior cingulate area Cg1, did not display a similar differential
activation pattern or proportionality between cocaine preference
and EGR1 activation. Of interest, the AcbCl, i.e., the core region
lateral of the anterior commissure, which is contiguous with the
CPu proper, and the dorsal CPu also failed to show a statistically
significant correlation between cocaine CPP preference and EGR1
activation while yielding a similar but less pronounced pattern
compared to the regions of the accumbens corridor, strongly sup-
porting the concept of a (ventro)medial to (dorso)lateral striatal
gradient for the expression of motivated behavior toward various
stimuli (Ikemoto, 2007; Haber and Knutson, 2010).
Why would such apparently different (Zahm and Heimer,
1993) brain regions show such a homogeneous response? The
most parsimonious explanation is that they share the same
inputs. Indeed, the medium spiny neurons which are the pre-
dominant neuron type in all the regions of the accumbens
corridor (Ribak and Fallon, 1982; Fallon et al., 1983; Guo
et al., 1998; Rotllant and Armario, 2012; Zahm et al., 2013)—
be they called “granule cells” in the ICjM or “MSNs” in the
Acb (Ribak and Fallon, 1982)—almost all receive direct pro-
jections from the hippocampus (Meibach and Siegel, 1977;
Swanson and Cowan, 1979; Nyakas et al., 1987; Oades and
Halliday, 1987; Brog et al., 1993; Kalivas et al., 1993) and
the ventral tegmental area (Fallon et al., 1978; Oades and
Halliday, 1987; Kalivas et al., 1993; Fitch, 2006; Ikemoto, 2007;
Mahler and Aston-Jones, 2012). The hippocampus could thus
provide a major glutamatergic input to most MSNs in the
accumbens corridor. The VTA also sends direct projections,
most likely dopaminergic ones, to all regions in the corridor,
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resulting in a modulation of the D1- vs. D2-receptor-carrying
MSNs.
Both D1- and D2-MSNs are known to form dendritic and
axonal spheres with diameters of approximately 200µm (Gerfen,
2004; Humphries et al., 2010), interconnecting and displaying
collateral inhibition (Witten et al., 2010) across the regional bor-
ders of the accumbens corridor (Zahm et al., 2013): The LSI, for
example, forms strong reciprocal connections with the VDB, MS,
and AcbShm (Zahm et al., 2013). The ICjM, as part of the island
of Calleja complexes (Ribak and Fallon, 1982), receives projec-
tions from, among others, the ventral pallidum (VP), septum,
cortical nuclei of the amygdala, lateral hypothalamic area, ventral
tegmental area, the hypothalamus, and midline, intralaminar and
medial thalamic nuclei. These connections are consistent with the
concept that the ICjM, as part of the ICC, is a striato-pallidal
structure (Fallon et al., 1983). The similarities of the input to
the ICjM and a seemingly very different region in the accum-
bens corridor, i.e., the Acb proper, are striking. Our findings
strengthen the view (Zahm, 2008; Zahm et al., 2013) that “accum-
bal” histoarchitectonics and functionality are not limited to an
Acb “nucleus” but that a continuum exists between what can be
defined, by selected histochemical markers (Paxinos et al., 2009),
as the medial “core” and “shell” of an accumbal “nucleus” and
neighboring structures (Zahm, 2008). Accordingly, the accumbal
subterritories at the rostral part of the AcbC and AcbSh show a
lack of boundaries to neighboring regions which all have similar
characteristics of morphology and immunohistochemistry (Brog
et al., 1993). As a final further example, there is a strong reciprocal
interconnection between the rostrodorsal part of the AcbSh and
the LSI (Zahm et al., 2013).
Our results also contribute to the current intense research
effort to differentiate the contribution of D1- vs. D2-MSNs to
the expression of motivated behavior toward drugs of abuse vs.
physiological reinforcers (Bertran-Gonzalez et al., 2008; Kravitz
et al., 2012; Bock et al., 2013; Lobo et al., 2013; Maguire et al.,
2014). In the dorsal striatum, D1-MSNs are part of the so-called
“direct” pathway, whereas D2-MSNs belong to the “indirect”
pathway (Gerfen, 2004; Wall et al., 2013). In contrast, direct and
indirect pathways overlap in the nucleus accumbens as part of
the ventral striatum. While D1-MSNs project to both the VP
and midbrain regions (substantia nigra compacta and reticulata
and ventral tegmental area), D2-MSNs only project to the VP,
with the accumbens core projecting to the dorsal part of the
VP and the shell projecting to the ventromedial part of the VP
(Robertson and Jian, 1995). Our findings indicate that both D1-
and D2-MSNs are involved in mediating the incentive salience of
cocaine-associated contextual cues and its inhibition by previous
social interaction but that, overall, D1-MSNs seem to be engaged
to a larger degree than D2-MSNs in most areas of the accum-
bens corridor, corroborating findings obtained in transgenic mice
(Bertran-Gonzalez et al., 2008).
Interestingly, glial cells have also been implicated in mediating
various aspects of drug reward (Turner et al., 2012; Zhang et al.,
2012; Schwarz et al., 2013). Accordingly, we found that the num-
bers of D1- and D2-MSNs immunopositive for EGR1 did not add
up to the total number of EGR1-positive nuclei, suggesting (1)
that we may not have immunolabeled all D1- or D2-MSNs or (2)
that glial cells may have contributed to the differential changes
observed in the present study. However, none of the tested glial
markers yielded any double staining with EGR1. The cellular acti-
vation observed in the present behavioral experiments remained
restricted to NeuN-positive cells, i.e., neurons.
How could a history of dyadic social interaction inhibit the
subsequent activation of MSNs in the accumbens corridor by
cocaine associated contextual stimuli? Extrapolating from the
human situation as seen from the psychotherapeutic perspec-
tive, the reactivation of memories of the rewarding aspects of
four social encounters with same individual (which could be
reported as “positive,” soothing, and pleasurable by a human) by
the contextual stimuli of the social interaction associated com-
partment of the three-compartment CPP could plausibly dampen
the arousing and motivational effects (“craving”) induced by the
contextual stimuli of the neighboring cocaine associated cham-
ber of the CPP box as the individual moves back and forth from
one conditioning chamber to the other during the (cocaine-free)
CPP test. As the amygdala is known (1) to mediate memories
with emotional content (Herry et al., 2010) and (2) to project
extensively to the AcbShm and the AcbSh (Heimer et al., 1997),
it is well conceivable that the amygdala exerts the inhibitory effect
of social interaction memory on MSNs indirectly via inhibitory
GABAergic interneurons (Tepper et al., 2010). The same ratio-
nale applies to the hippocampus, another well-known memory-
related brain region (Meibach and Siegel, 1977; Swanson and
Cowan, 1979; Nyakas et al., 1987; Oades and Halliday, 1987; Brog
et al., 1993; Kalivas et al., 1993).
To summarize, the present findings support the important role
of D1-MSNs in mediating the rewarding properties of drugs of
abuse vs. physiological reinforcers, whereas D2-MSNs are less
involved. None of the other neuron types in the accumbens cor-
ridor, i.e., cholinergic interneurons or the various GABAergic
interneurons, were involved in the differential activation. In the
case of the cholinergic interneurons, this was especially surpris-
ing to us, as we (Crespo et al., 2006, 2008, 2012), like many other
groups (Wilson and Schuster, 1973; Acquas et al., 1996; Mark
et al., 1999; Pratt and Kelley, 2004; Smith et al., 2004; Grasing
et al., 2009; Witten et al., 2010; English et al., 2011; Cachope et al.,
2012; De La Garza et al., 2012; Hikida et al., 2012; Threlfell et al.,
2012) had provided evidence for the involvement of the accumbal
cholinergic system in drug- and food reward and as cholinergic
interneurons (Berlanga et al., 2003) were shown to be instru-
mental for the acquisition of cocaine CPP (Witten et al., 2010).
Accordingly, we had demonstrated in a rat runway procedure
that acetylcholine (ACh) release and activation of muscarinic and
nicotinic ACh receptors were necessary for the acquisition of the
rewarding properties of cocaine, of two pharmacokinetically very
different µ opioid receptor agonists, i.e., remifentanil and mor-
phine, and of highly palatable food (Crespo et al., 2006, 2008).
There are at least two explanations for this apparent discrepancy:
(1) the role of cholinergic interneurons diminishes after the con-
ditioned response has been acquired, and/or (2) accumbal ACh
from extra-accumbal sources (Dautan et al., 2014) becomes more
important during the maintenance and reacquisition of reward.
In conclusion, our results show that D1-MSNs and to lesser
degree D2-MSNs in the whole accumbens corridor medial of
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the anterior commissure are differentially mediated by cocaine
reward vs. dyadic social interaction reward. One avenue of future
research is to differentiate the neuronal ensembles (Cruz et al.,
2013) in the MSN populations that modulate the attractiveness
of such strikingly different types of reward.
ACKNOWLEDGMENTS
This work was supported by the Austrian Science Fund (FWF)
grants W1206-B18 and P26248-B24 and by the Verein for
Experimentelle Psychiatrie, Psychotherapie, und Pharmakologie
(VEPPP). We thank Dr. Francesco Ferraguti and Dr. Rana El
Rawas for discussing our experimental findings and Andreas
Abentung for helping with the confocal microscopy.
REFERENCES
Acquas, E., Pisanu, A., Spiga, S., Plumitallo, A., Zernig, G., and Di
Chiara, G. (2007). Differential effects of intravenous R,S-(+-)-3,4-
methylenedioxymethamphetamine (MDMA, Ecstasy) and its S(+)- and
R(-)-enantiomers on dopamine transmission and extracellular signal regulated
kinase phosphorylation (pERK) in the rat nucleus accumbens shell and core.
J. Neurochem. 102, 121–132. doi: 10.1111/j.1471-4159.2007.04451.x
Acquas, E., Wilson, C., and Fibinger, H. C. (1996). Nonstriatal dopamine D1 recep-
tors regulate striatal acetylcholine release in vivo1. J. Pharmacol. Exp. Ther. 281,
360–368.
American Psychiatric Association. (1994). Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV), 4th Edn. Washington, DC: American Psychiatric
Association.
Berlanga, M. L., Olsen, C. M., Chen, V., Ikegami, A., Herring, B. E., Duvauchelle, C.
L., et al. (2003). Cholinergic interneurons of the nucleus accumbens and dorsal
striatum are activated by the self-administration of cocaine. Neuroscience 120,
1149–1156. doi: 10.1016/S0306-4522(03)00378-6
Bertran-Gonzalez, J., Bosch, C., Maroteaux, M., Matamales, M., Herve, D., Valjent,
E., et al. (2008). Opposing patterns of signaling activation in dopamine D1 and
D2 receptor-expressing striatal neurons in response to Cocaine and haloperidol.
J. Neurosci. 28, 5671–5685. doi: 10.1523/JNEUROSCI.1039-08.2008
Bock, R., Shin, J. H., Kaplan, A. R., Dobi, A., Markey, E., Kramer, P. F., et al. (2013).
Strengthening the accumbal indirect pathway promotes resilience to compulsive
cocaine use. Nat. Neurosci. 16, 632–638. doi: 10.1038/nn.3369
Brog, J. S., Salyapongse, A., Deutch, A. Y., and Zahm, D. S. (1993). The patterns
of afferent innervation of the core and shell in the “Accumbens” part of the rat
ventral striatum immunohistochemical detection of retrogradely transported
fluoro-gold. J. Comp. Neurol. 338, 255–278. doi: 10.1002/cne.903380209
Brown, E. E., Robertson, G. S., and Fibiger, H. C. (1992). Evidence for conditional
neuronal activation following exposure to a Cocaine-paired environment: role
of forebrain limbic structures J. Neurosci. 12, 4112–4121.
Cachope, R., Mateo, Y., Mathur, B. N., Irving, J., Wang, H.-L., and Morales, M.
(2012). Selective activation of cholinergic interneurons enhances accumbal pha-
sic dopamine release: setting the tone for reward processing. Cell Rep. 2, 33–41.
doi: 10.1016/j.celrep.2012.05.011
Crespo, J. A., Stöckl, P., Ueberall, F., Jenny, M., Saria, A., and Zernig, G. (2012).
Activation of PKCzeta and PKMzeta in the nucleus accumbens core is necessary
for the retrieval, consolidation and reconsolidation of drug memory. PLoS ONE
7:e30502. doi: 10.1371/journal.pone.0030502
Crespo, J. A., Stöckl, P., Zorn, K., Saria, A., and Zernig, G. (2008). Nucleus accum-
bens core acetylcholine is preferentially activated during acquisition of drug-
vs. food-reinforced behavior. Neuropsychopharmacology 33, 3213–3220. doi:
10.1038/npp.2008.48
Crespo, J. A., Sturm, K., Saria, A., and Zernig, G. (2006). Activation of muscarinic
and nicotinic acetylcholine receptors in the nucleus accumbens core is neces-
sary for the acquistion of drug reinforcement. J. Neurosci. 26, 6004–6010. doi:
10.1523/JNEUROSCI.4494-05.2006
Cruz, F. C., Koya, E., Guez-Barber, D. H., Bossert, J. M., Lupica, C. R., Shaham,
Y., et al. (2013). New technologies for examining the role of neuronal ensem-
bles in drug addiction and fear. Nat. Rev. Neurosci. 14, 743–754. doi: 10.1038/
nrn3597
Curran, E., and Watson, S. J. (1995). Dopamine receptor mRNA expression pat-
terns by opioid peptide cells in the nucleus accumbens of the rat: a double
in situ hybridization study. J. Comp. Neurol. 361, 57–76. doi: 10.1002/cne.903
610106
Dautan, D., Huerta-Ocampo, I.,Witten, I. B., Deisseroth, K., Bolam, J. P., Gerdjikov,
T., et al. (2014). A major external source of cholinergic innervation of the
striatum and nucleus accumbens originates in the brainstem. J. Neurosci. 34,
4509–4518. doi: 10.1523/JNEUROSCI.5071-13.2014
De La Garza, R. 2nd., Newton, T. F., Haile, C. N., Yoon, J. H., Nerumalla,
C. S., Mahoney, J. J. 3rd., et al. (2012). Rivastigmine reduces “Likely
to use methamphetamine” in methamphetamine-dependent volun-
teers. Prog. Neuropsychopharmacol. Biol. Psychiatry 37, 141–146. doi:
10.1016/j.pnpbp.2011.12.014
English, D. F., Ibanez-Sandoval, O., Stark, E., Tecuapetla, F., Buzsáki, G., Deisseroth,
K., et al. (2011). GABAergic circuits mediate the reinforcement-related sig-
nals of striatal cholinergic interneurons. Nat. Neurosci. 15, 123–130. doi:
10.1038/nn.2984
Epstein, D. H., Willner-Reid, J., Vahabzadeh, M., Mezghanni, M., Lin, J.-L., and
Preston, K. L. (2009). Real-time electronic diary reports of cue exposure and
mood in the hours before Cocaine and heroin craving and use. Arch. Gen.
Psychiatry 66, 88–94. doi: 10.1001/archgenpsychiatry.2008.509
Fallon, J., Loughlin, S., and Ribak, C. (1983). The islands of Calleja complex of rat
basal forebrain. III. histochemical evidence for a striatopallidal system. J. Comp.
Neurol. 218, 91–120. doi: 10.1002/cne.902180106
Fallon, J., Riley, J., Sipe, J., and Moore, R. (1978). The islands of Calleja:
organization and connections. J. Comp. Neurol. 181, 375–395. doi:
10.1002/cne.901810209
Fitch, T. E. (2006). Dopamine D1/5 receptor modulation of firing rate and bidirec-
tional theta burst firing in medial septal/vertical limb of diagonal band neurons
in vivo. J. Neurophysiol. 95, 2808–2820. doi: 10.1152/jn.01210.2005
Fricks-Gleason, A. N., and Marshall, J. F. (2011). Role of dopamine D1 receptors in
the activation of nucleus accumbens extracellular signal-regulated kinase (ERK)
by Cocaine-paired contextual cues.Neuropsychopharmacology 36, 434–444. doi:
10.1038/npp.2010.174
Fritz, M., El Rawas, R., Klement, S., Kummer, K., Mayr, M. J., Eggart, V., et al.
(2011a). Differential effects of accumbens core vs. shell lesions in a rat concur-
rent conditioned place preference paradigm for Cocaine vs. social interaction.
PLoS ONE 6:e26761. doi: 10.1371/journal.pone.0026761
Fritz, M., El Rawas, R., Salti, A., Klement, S., Bardo, M. T., Kemmler, G., et al.
(2011b). Reversal of cocaine-conditioned place preference and mesocorticolim-
bic Zif268 expression by social interaction in rats. Addict. Biol. 16, 273–284. doi:
10.1111/j.1369-1600.2010.00285.x
Gerfen, G. R. (2004). “Basal ganglia,” in The Rat Nervous System, ed G. Paxinos
(Amsterdam: Elsevier), 455–508.
Golden, S. A., Christoffel, D. J., Heshmati, M., Hodes, G. E., Magida, J., Davis,
K., et al. (2013). Epigenetic regulation of RAC1 induces synaptic remodeling in
stress disorders and depression. Nat. Med. 19, 337–344. doi: 10.1038/nm.3090
Grasing, K., He, S., and Yang, Y. (2009). Long-lasting decreases in cocaine-
reinforced behavior following treatment with the cholinesterase inhibitor
tacrine in rats selectively bred for drug self-administration. Pharmacol. Biochem.
Behav. 94, 169–178. doi: 10.1016/j.pbb.2009.08.004
Guo, F., Vincent, S. R., and Fibinger, H. C. (1998). Phenotypic characteriza-
tion of neuroleptic-sensitive neurons in the forebrain: contrasting targets
of Haloperidol and Clozapine. Neuropsychopharmacology 19, 133–145. doi:
10.1016/S0893-133X(97)00202-9
Haber, S. N., and Knutson, B. (2010). The reward circuit: linking primate
anatomy and human imaging. Neuropsychopharmacology 35, 4–26. doi:
10.1038/npp.2009.129
Heath, R. G. (1963). Electrical self-stimulation of the brain in man. Am. J.
Psychiatry 120, 571–577.
Heimer, L., Alheid, G. F., De Olmos, J. S., Groenewegen, H. J., Haber, S. N.,
Harlan, R. E., et al. (1997). The accumbens: beyond the core-shell dichotomy.
J. Neurospsychiatry Clin. Neurosci. 9, 354–381.
Heimer, L., Zahm, D. S., Churchill, L., Kalivas, P. W., and Wohltmann, C. (1991).
Specificity in the projection patterns of accumbal core and shell in the rat.
Neuroscience 41, 89–125. doi: 10.1016/0306-4522(91)90202-Y
Herry, C., Ferraguti, F., Singewald, N., Letzkus, J. J., Ehrlich, I., and Lüthi, A.
(2010). Neuronal circuits of fear extinction. Eur. J. Neurosci. 31, 599–612. doi:
10.1111/j.1460-9568.2010.07101.x
Frontiers in Behavioral Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 317 | 11
Prast et al. Cocaine, social interaction, and accumbens
Hikida, T., Yawata, S., Yamaguchi, T., Danjo, T., Sasaoka, T., Wang, Y., et al. (2012).
Pathway-specific modulation of nucleus accumbens in reward and aversive
behavior via selective transmitter receptors. Proc. Natl. Acad. Sci. U.S.A. 110,
342–347. doi: 10.1073/pnas.1220358110
Humphries, M. D., Wood, R., and Gurney, K. (2010). Reconstructing the three-
dimensional GABAergic microcircuit of the striatum. PLoS Comput. Biol.
6:e1001011. doi: 10.1371/journal.pcbi.1001011
Ikemoto, S. (2007). Dopamine reward circuitry: two projection systems from the
ventral midbrain to the nucleus accumbens-olfactory tubercle complex. Brain
Res. Rev. 56, 27–78. doi: 10.1016/j.brainresrev.2007.05.004
Kalivas, P. W., Churchill, L., and Klitenick, M. A. (1993). GABA and enkephalin
projection from the nucleus accumbens and ventral pallidum to the ven-
tral tegmental area. Neuroscience 57, 1047–1060. doi: 10.1016/0306-4522(93)
90048-K
Kravitz, A. V., Tye, L. D., and Kreitzer, A. C. (2012). Distinct roles for direct and
indirect pathway striatal neurons in reinforcement. Nat. Neurosci. 15, 816–818.
doi: 10.1038/nn.3100
Kummer, K., Klement, S., Eggart, V., Mayr, M. J., Saria, A., and Zernig, G. (2011).
Conditioned place preference for social interaction in rats: contribution of sen-
sory components. Front. Behav. Neurosci. 5:80. doi: 10.3389/fnbeh.2011.00080
Lee, J. L. C., Di Ciano, P., Thomas, K. L., and Everitt, B. J. (2005). Disrupting
reconsolidation of drug memories reduces Cocaine-seeking behavior. Neuron
47, 795–801. doi: 10.1016/j.neuron.2005.08.007
Le Moine, C., and Bloch, B. (1991). Phenotypical characterization of the rat
striatal neurons expressing the D1 dopamine receptor gene. Neurobiology 88,
4205–4209.
Le Moine, C., and Bloch, B. (1995). D1 and D2 dopamine receptor gene expression
in the rat striatum: sensitive cRNA probes demonstrate prominent segregation
of D1 and D2mRNAs in distinct neuronal populations of the dorsal and ventral
striatum. J. Comp. Neurol. 355, 418–426. doi: 10.1002/cne.903550308
Le Moine, C., and Bloch, B. (1996). Expression of the d 3 dopamine receptor
in peptidergic neurons of the nucleus accumbens: comparison with the d 1
and d 2 dopamine receptors. Neuroscience 73, 131–143. doi: 10.1016/0306-
4522(96)00029-2
Le Moine, C., Normand, E., Guitteny, A. F., Fouquet, B., Teoulet, R., and Bloch,
B. (1990). Dopamine receptor gene expression by enkephalin neurons in
rat forebrain (nigrostriatal pathway/D2 receptor/preproenkephalin A/in situ
hybridization). Neurobiology 87, 230–234.
Lobo, M. K., Zaman, S., Damez-Werno, D. M., Koo, J. W., Bagot, R. C., Dinieri, J.
A., et al. (2013). DeltaFosB induction in striatal medium spiny neuron subtypes
in response to chronic pharmacological, emotional, and optogenetic stimuli.
J. Neurosci. 33, 18381–18395. doi: 10.1523/JNEUROSCI.1875-13.2013
Maguire, E. P., Macpherson, T., Swinny, J. D., Dixon, C. I., Herd, M. B., Belelli,
D., et al. (2014). Tonic inhibition of accumbal spiny neurons by extrasynaptic
alpha4betadelta GABAA receptors modulates the actions of psychostimulants.
J. Neurosci. 34, 823–838. doi: 10.1523/JNEUROSCI.3232-13.2014
Mahler, S. V., and Aston-Jones, G. S. (2012). Fos activation of selective afferents to
ventral tegmental area during cue-induced reinstatement of cocaine seeking in
rats. J. Neurosci. 32, 13309–13325. doi: 10.1523/JNEUROSCI.2277-12.2012
Mark, G. P., Kinney, A. E., Grubb, M. C., and Keys, A. S. (1999). Involvement of
acetylcholine in the nucleus accumbens in cocaine reinforcement. Ann. N.Y.
Acad. Sci. 877, 792–795. doi: 10.1111/j.1749-6632.1999.tb09324.x
Meibach, R., and Siegel, A. (1977). Efferent connections of the septal area in the rat:
an analysis utilizing retrograde and anterograde transport methods. Brain Res.
119, 1–20. doi: 10.1016/0006-8993(77)90088-9
Meredith, G. E., Blank, B., and Groenewegen, H. J. (1989). The distribution and
compartmental organization of the cholinergic neurons in the nuccleus accum-
bens of the rat. Neuroscience 31, 327–345. doi: 10.1016/0306-4522(89)90377-1
Mullen, R. J., Buck, C. R., and Smith, A. M. (1992). NeuN, a neuronal specific
nuclear protein in vertebrates. Development 116, 201–211.
Najm, F. J., Lager, A. M., Zaremba, A., Wyatt, K., Caprariello, A. V., Factor, D.
C., et al. (2013). Transcription factor-mediated reprogramming of fibroblasts
to expandable, myelinogenic oligodendrocyte progenitor cells. Nat. Biotechnol.
31, 426–433. doi: 10.1038/nbt.2561
Nyakas, C., Luiten, P., Spencer, D., and Traber, J. (1987). Detailed projection pat-
terns of septal and diagonal band efferents to the hippocampus in the rat with
emphasis on innervation of CA1 and dentate gyrus. Brain Res. Bull. 18, 533–545.
doi: 10.1016/0361-9230(87)90117-1
Oades, R., and Halliday, G. (1987). Ventral tegmental (A10) system: neurobiology.
1. anatomy and connectivity. Brain Res. 434, 117–165. doi: 10.1016/0165-
0173(87)90011-7
Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates. New
York, NY: Academic Press.
Paxinos, G., Watson, C., Carrive, P., Kirkcaldie, M., and Ashwell, K. (2009).
Chemoarchitectonic Atlas of the Rat Brain. San Diego, CA: Elsevier Academic
Press.
Pontieri, F. E., Tanda, G., and Di Chiara, G. (1995). Intravenous cocaine, morphine,
and amphetamine preferentially increase extracellular dopamine in the “shell”
as compared with the “core” of the rat nucleus accumbens. Pharmacology 92,
12304–12308.
Prast, J. M., Kummer, K. K., Barwitz, C. M., Humpel, C., Dechant, G., and Zernig,
G. (2012). Acetylcholine, drug reward and substance use disorder treatment:
intra- and interindividual striatal and accumbal neuron ensemble heterogene-
ity may explain apparent discrepant findings. Pharmacology 90, 264–273. doi:
10.1159/000342636
Pratt, W. E., and Kelley, A. E. (2004). Nucleus accumbens acetylcholine regu-
lates appetitive learning and motivation for food via activation of muscarinic
receptors. Behav. Neurosci. 118, 730–739. doi: 10.1037/0735-7044.118.4.730
Ribak, C. E., and Fallon, J. H. (1982). The Island of Calleja complex of rat basal
forebrain. I. Light and electron microscopic observations. J. Comp. Neurol. 205,
207–218. doi: 10.1002/cne.902050302
Robertson, G. S., and Jian, M. (1995). D1 and D2 dopamine receptors differ-
entially increase fos-like immunoreactivity in accumbal projections to the
ventral pallidum andmidbrain.Neuroscience 64, 1019–1034. doi: 10.1016/0306-
4522(94)00426-6
Rotllant, D., and Armario, A. (2012). Brain pattern of histone H3 phosphorylation
after acute amphetamine administration: its relationship to brain c-fos induc-
tion is strongly dependent on the particular brain area. Neuropharmacology 2,
1073–1081. doi: 10.1016/j.neuropharm.2011.10.019
Schwarz, J. M., Smith, S. H., and Bilbo, S. D. (2013). FACS analysis of neuronal–
glial interactions in the nucleus accumbens followingmorphine administration.
Psychopharmacology 230, 525–535. doi: 10.1007/s00213-013-3180-z
Smith, J. E., Vaughn, T. C., and Co, C. (2004). Acetylcholine turnover rates in rat
brain regions during cocaine self-administration. J. Neurochem. 88, 502–512.
doi: 10.1046/j.1471-4159.2003.02222.x
Spear, L. P. (2000). The adolescent brain and age-related behavioral manifestations.
Neurosci. Biobehav. Rev. 24, 417–463. doi: 10.1016/S0149-7634(00)00014-2
Steiner, H., and Gerfen, C. (1998). Role of dynorphin and enkephalin in the regu-
lation of striatal output pathways and behavior. Exp. Brain Res. 123, 60–76. doi:
10.1007/s002210050545
Swanson, L. W., and Cowan, W. M. (1979). The connections of the sep-
tal region in the rat. J. Comp. Neurol. 186, 621–655. doi: 10.1002/cne.901
860408
Tepper, J. M., Tecuapetla, F., Koos, T., and Ibanez-Sandoval, O. (2010).
Heterogeneity and diversity of striatal GABAergic interneurons. Front.
Neuroanat. 4:150. doi: 10.3389/fnana.2010.00150
Threlfell, S., Lalic, T., Platt, N. J., Jennings, K. A., Deisseroth, K., and Cragg,
S. J. (2012). Striatal dopamine release is triggered by synchronized activity
in cholinergic interneurons. Neuron 75, 58–64. doi: 10.1016/j.neuron.2012.
04.038
Trezza, V., Baarendse, J. J., and Vanderschuren, J. M. J. (2010). The pleasures of play:
pharmacological insights into social rewardmechanisms. Trends Pharmacol. Sci.
31, 463–469. doi: 10.1016/j.tips.2010.06.008
Turner, J. R., Ecke, L. E., Briand, L. A., Haydon, P. G., and Blendy, J. A.
(2012). Cocaine-related behaviors in mice with deficient gliotransmission.
Psychopharmacology 226, 167–176. doi: 10.1007/s00213-012-2897-4
Villacampa, N., Almolda, B., González, B., and Castellano, B. (2013). Tomato lectin
histochemistry for microglial visualization. Methods Mol. Biol. 1041, 261–279.
doi: 10.1007/978-1-62703-520-0_23
Wall, N. R., De La Parra, M., Callaway, E. M., and Kreitzer, A. C. (2013). Differential
innervation of direct- and indirect-pathway striatal projection neurons. Neuron
79, 347–360. doi: 10.1016/j.neuron.2013.05.014
Wang, Y.-F., Sun, M.-Y., Hou, Q., and Hamilton, K. A. (2013). GABAergic inhi-
bition through synergistic astrocytic neuronal interaction transiently decreases
vasopressin neuronal activity during hypoosmotic challenge. Eur. J. Neurosci.
37, 1260–1269. doi: 10.1111/ejn.12137
Frontiers in Behavioral Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 317 | 12
Prast et al. Cocaine, social interaction, and accumbens
Wilson, M. C., and Schuster, C. R. (1973). Cholinergic influence on intravenous
cocaine self-administration by rhesus monkeys. Pharmacol. Biochem. Behav. 1,
643–649. doi: 10.1016/0091-3057(73)90027-0
Witten, I. B., Lin, S. C., Brodsky, M., Prakash, R., Diester, I., Anikeeva,
P., et al. (2010). Cholinergic interneurons control local circuit activity
and Cocaine conditioning. Science 330, 1677–1681. doi: 10.1126/science.
1193771
Yates, J. R., Beckmann, J. S., Meyer, A. C., and Bardo, M. T. (2013). Concurrent
choice for social interaction and amphetamine using conditioned place prefer-
ence in rats: effects of age and housing condition. Drug Alcohol Depend. 129,
240–246. doi: 10.1016/j.drugalcdep.2013.02.024
Zahm, D. S. (2008). “Accumbens in a functional-anatomical systems context,” in
The Nucleus Accumbens: Neurotransmitters and Related Behaviours, ed H. N.
David (Kerala: Research Signpost), 1–36.
Zahm, D. S., and Heimer, L. (1993). Specificity in the efferent projections of the
nucleus accumbens in the rat: comparison of the rostral pole projection pat-
terns with those of the core and shell. J. Comp. Neurol. 327, 220–232. doi:
10.1002/cne.903270205
Zahm, D. S., Parsley, K. P., Schwartz, Z. M., and Cheng, A. Y. (2013). On lateral
septum-like characteristics of outputs from the accumbal hedonic “hotspot”
of Peciña and Berridge with commentary on the transitional nature of basal
forebrain “boundaries.” J. Comp. Neurol. 521, 50–68. doi: 10.1002/cne.23157
Zangenehpour, S., and Chaudhuri, A. (2002). Differential induction and decay
curves of c-fos and zif268 revealed through dual activity maps. Mol. Brain Res.
109, 221–225. doi: 10.1016/S0169-328X(02)00556-9
Zavala, A. R., Osredkar, T., Joyce, J. N., and Neisewander, J. L. (2008). Upregulation
of Arc mRNA expression in the prefrontal cortex following cue-induced rein-
statement of extinguished cocaine-seeking behavior. Synapse 62, 421–431. doi:
10.1002/syn.20502
Zernig, G., Ahmed, S. H., Cardinal, R. N., Morgan, D., Acquas, E., Foltin, R. W.,
et al. (2007). Explaining the escalation of drug use in substancedependence:
models and appropriate animal laboratory tests. Pharmacology 80, 65–119. doi:
10.1159/000103923
Zernig, G., and Fibiger, H. C. (1998). Acute and prolonged effects of clocin-
namox and methoclocinnamox on nucleus accumbens dopamine overflow.
Psychopharmacology (Berl.) 135, 17–21. doi: 10.1007/s002130050480
Zernig, G., Kummer, K. K., and Prast, J. M. (2013). Dyadic social inter-
action as an alternative reward to cocaine. Front. Psychiatry 4:100. doi:
10.3389/fpsyt.2013.00100
Zhang, X.-Q., Cui, Y., Cui, Y., Chen, Y., Na, X.-D., Chen, F.-Y., et al. (2012).
Activation of p38 signaling in the microglia in the nucleus accumbens
contributes to the acquisition and maintenance of morphine-induced
conditioned place preference. Brain Behav. Immun. 26, 318–325. doi:
10.1016/j.bbi.2011.09.017
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 04 July 2014; accepted: 27 August 2014; published online: 24 September 2014.
Citation: Prast JM, Schardl A, Schwarzer C, Dechant G, Saria A and Zernig G (2014)
Reacquisition of cocaine conditioned place preference and its inhibition by previous
social interaction preferentially affect D1-medium spiny neurons in the accumbens
corridor. Front. Behav. Neurosci. 8:317. doi: 10.3389/fnbeh.2014.00317
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Prast, Schardl, Schwarzer, Dechant, Saria and Zernig. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 317 | 13
